Programmable interference between two microwave quantum memories by Gao, Yvonne Y. et al.
Programmable interference between two microwave quantum memories
Yvonne Y. Gao,1, 2, ∗ B.J. Lester,1, 2 Yaxing Zhang,1, 2 C. Wang,3 S. Rosenblum,1, 2
L. Frunzio,1, 2 Liang Jiang,1, 2 S.M. Girvin,1, 2 and R.J. Schoelkopf1, 2, †
1Departments of Physics and Applied Physics, Yale University, New Haven, Connecticut 06520, USA
2Yale Quantum Institute, Yale University, New Haven, Connecticut 06511, USA
3University of Massachusetts, Amherst, MA 01003-9337 USA
(Dated: May 4, 2018)
Interference experiments provide a simple yet powerful tool to unravel fundamental features of
quantum physics. Here we engineer an RF-driven, time-dependent bilinear coupling that can be
tuned to implement a robust 50:50 beamsplitter between stationary states stored in two supercon-
ducting cavities in a three-dimensional architecture. With this, we realize high contrast Hong-Ou-
Mandel (HOM) interference between two spectrally-detuned stationary modes. We demonstrate
that this coupling provides an efficient method for measuring the quantum state overlap between
arbitrary states of the two cavities. Finally, we showcase concatenated beamsplitters and differential
phase shifters to implement cascaded Mach-Zehnder interferometers, which can control the signa-
ture of the two-photon interference on-demand. Our results pave the way toward implementation
of scalable boson sampling, the application of linear optical quantum computing (LOQC) protocols
in the microwave domain, and quantum algorithms between long-lived bosonic memories.
I. INTRODUCTION
Interference experiments are one of the simplest probes
into many of the riveting facets of quantum mechanics,
from wave-particle duality to non-classical correlations
The seminal work by Hong, Ou, and Mandel (HOM) is
an elegant manifestation of two-particle quantum inter-
ference arising from bosonic quantum statistics [1]. In
their experiment, two photons incident on a 50:50 beam-
splitter always exit in pairs from the same, albeit ran-
dom, output port. Central to such interference experi-
ments is the unitary operation UˆBS = exp[i
pi
4 (aˆbˆ
†+ aˆ†bˆ)].
For propagating particles, this is simply realized with a
50:50 beamsplitter, but more generally, it can be imple-
mented by engineering a time-dependent coupling of the
form Hˆint(t)/~ = g(t)aˆbˆ†+ g∗(t)aˆ†bˆ. Recent experiments
have demonstrated this type of coupling in different phys-
ical systems, enabling interference of both bosonic and
fermionic particles [2–5]. These results have shed light
on the concept of entanglement [6, 7] and enabled funda-
mental tests of quantum mechanics like the violation of
Bell’s inequalities [8]. They also have profound techno-
logical implications,with new applications in areas such
as quantum metrology [9], simulation [10], and informa-
tion processing [11, 12].
Superconducting systems have been proposed as a
promising platform to study bosonic interference and im-
plement scalable boson sampling [13]. In particular, su-
perconducting microwave cavities coupled to transmon
or other non-linear ancillae in the circuit quantum elec-
trodynamics (cQED) framework have the capability to
deterministically create complex bosonic states [14, 15]
and perform robust measurements of photon statistics.
So far, interference between harmonic oscillator modes
has been demonstrated in cQED systems using elements
with tunable frequencies [16–19]. However, such systems
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FIG. 1. cQED system. (a) The effective circuit of the cQED
system containing two high-Q harmonic oscillators (orange,
blue) bridged by a transmon (green), as well as an additional
transmon mode that only capacitively couples to Alice (pink).
A similar ancillary transmon (purple) can also be used, but it
is not necessary for this experiment. The resonance frequency
of Alice and Bob are detuned from each other by ∼ 1 GHz to
minimize undesired cross-talk. (b) Four-wave mixing process
through the Josephson junction of qC that enables the bilinear
coupling between Alice and Bob when ω2 − ω1 = ωb − ωa.
tend to suffer from unfavorable coherence properties, lim-
iting the complexity of the experiment to single photons.
Recently it has been shown that three-dimensional (3D),
fixed-frequency superconducting microwave cavities have
excellent coherence properties [20, 21], making them at-
tractive quantum memories. We can also readily prepare
and manipulate complex quantum states in these cavi-
ties using the transmon as an ancilla. However, direct
interference between bosonic states stored in these mem-
ories has remained a challenge due to the complexity of
realizing high quality beamsplitters (BS) and differential
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2phase shifters (DPS) between stationary quantum mem-
ory modes.
In this work, we showcase the on-demand interference
of stationary bosonic modes stored in two spectrally-
separated, long-lived superconducting microwave cav-
ities, Alice and Bob. Our implementation employs
a frequency-converting bilinear coupling between them
which can be programmed to effectively implement a ro-
bust BS. With this capability, we demonstrate HOM in-
terference between the two memories with a contrast up
to 98% ± 1%. Further, we combine this with photon
number parity measurement to perform efficient deter-
mination of quantum state overlap [7, 22]. Lastly, we
demonstrate in-situ manipulation of two photon interfer-
ence through cascaded Mach-Zehnder (MZ) interferome-
ters constructed with multiple BS and DPS. This high-
lights the versatility of our implementation and opens the
door to more complex interference experiments in cQED.
II. IMPLEMENTATION AND
CHARACTERIZATION
Stationary photons stored in the two spectrally-
separated cavities can only interfere if their energies
are made indistinguishable. To do so, we can engineer
a direct, tunable bilinear coupling Hˆint between Alice
and Bob, whose resonance frequencies are separated by
∼ 1 GHz to ensure minimal residual coupling [23]. The
effective circuit of the system is depicted in Fig. 1(a).
The transmon ancilla, qA, couples only to Alice to pro-
vide the capability of fast single cavity manipulations.
The Y-shaped transmon [24], qC, weakly couples disper-
sively to both Alice and Bob. Its single Josephson junc-
tion provides the necessary nonlinearity to activate the
desired bilinear coupling through four-wave mixing in the
presence of the appropriate drives. The Hamiltonian of
the Josephson junction in presence of two drives, with
normalized amplitudes ξ1 and ξ2, is given by [25, 26]
Hˆ = −EJ cos [φa(aˆ+ aˆ†) + φb(bˆ+ bˆ†)
+φc(cˆ+ cˆ
† + ξ1 + ξ∗1 + ξ2 + ξ
∗
2)] (1)
where aˆ and bˆ are the creation operators of the two har-
monic oscillator modes respectivley, cˆ is that of qC, EJ
is the Josephson energy of qC, and φi(i = a, b, c) is the
zero-point fluctuation of the phase associated with Alice,
Bob, and qC respectively.
The desired bilinear coupling is realized by supplying
two RF drives whose detunings match that between Alice
and Bob. The resulting interaction Hamiltonian can be
written as [23]:
Hˆint(t)/~ = g(t)(eiϕaˆbˆ† + e−iϕaˆ†bˆ) (2)
where ϕ is determined by the relative phases of the
two drives, and the coupling coefficient is g(t) =
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FIG. 2. Calibration of bilinear coupling. (a) General
measurement protocol. After preparing in the cavities in the
desired initial state, we apply the drives for a variable amount
of time before measuring the final joint memory state using a
photon number selective pi pulse on qC. (b) Measured P10 (or-
ange circles) with the engineered interaction at |ξ1||ξ2| ≈ 0.12.
Data are normalized by a constant scaling factor to calibrate
out the SPAM errors [23]. Solid line shows fit to the func-
tional form P10 ∝ et/τ1 [1 + et/τφ sin (2pitf)]. Dashed lines are
the intrinsic decays of |1〉A (grey) and relaxation of |e〉 (green)
of qC. (c) Measured coupling strength g/2pi (green circles) as
function of the drive strength |ξ1||ξ2|. Data is consistent with
the predicted behaviour (black line) based on the 4th order co-
sine expansion, but deviate at higher drive powers. Measured
excited state population of qC (red triangles), after a single
BS operation. (d) Measured infidelity of a BS as defined by
τBS/TBS at different drive powers with (black squares) and
without (grey crosses) post-selecting on qC remaining in its
ground state after the operation.
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cξ1(t)ξ2(t) =
√
χacχbcξ1(t)ξ2(t) [23, 27]. The
strength of each drive ξ1,2 is calibrated independently
by measuring the Stark shift of the resonance fre-
quency of qC. The dispersive couplings χac and χbc
are determined using standard number-splitting mea-
surements [23]. This coupling between two harmonic
modes has been shown [28] to transfer a quantum state
from a memory to a propagating mode. Here, we engi-
neer the same coupling but between two high-Q modes
so that we can realize the unitary operation U(θ) =
exp[− i~
∫ T
0
Hint(t)dt] while only virtually populating the
3excited levels of qC. We define θ =
∫ T
0
g(t)dt as is the
effective mixing angle [17] of the process. It is fully tun-
able by varying the duration of the RF drives. For θ = pi2
(mod pi), the unitary performs a SWAP operation that
exchanges the states between the two memories, while
for θ = pi/4 (mod pi/2) it corresponds to a 50:50 BS op-
eration (UˆBS).
We calibrate the strength of the engineered coupling
by monitoring the dynamics of a single excitation under
Uˆ(θ). As shown in Fig. 2(a), we initialize the memo-
ries in |1, 0〉AB using numerically optimized pulses [29]
while ensuring that qC remains in |g〉. We then apply
the drives for a variable duration before measuring the
joint population distribution in Alice and Bob using a
photon-number selective pi pulse on qC [30]. Using this
method, we monitor the evolution of the single excita-
tion as it coherently oscillates between the two memories
∼ 100 times faster than their photon loss rates. An exam-
ple is shown in Fig. 2(b) at a coupling strength g/2pi = 34
kHz. This corresponds to implementing a BS operation
in TBS = pi/4g ≈ 3.6µs, two orders of magnitude faster
than the natural coupling (∼ 1/χab) between the two
detuned memories [23]. Thus, this ensures that the op-
eration has a large on-off ratio.
We can assess the fidelity of the BS operation by ana-
lyzing the decoherence time associated with the evolution
of a single excitation under Uˆθ. Two mechanisms could
introduce non-idealities to the operation, namely, photon
loss and dephasing. By summing the measured P10 and
P01, we obtain an envelope whose exponential decay gives
the effective relaxation time τ1. We can then divide P10
by this envelope to extract the dephasing time τφ using
a decaying sinusoidal fit. For the data shown in Fig. 2b,
we extract an effective τ1 ' 400µs and τφ ' 800µs at
|ξ1||ξ2| ≈ 0.12. Both are consistent with independent
measurements of the coherence times of Alice and Bob.
Combining these, we infer an effective decoherence time
1/τBS = 1/2τ1 + 1/τφ ≈ 400µs for the operation with
an infidelity of ∼ 1% obtained by comparing this to the
time required to implement UˆBS at this drive power.
We then characterize the coupling strength and the fi-
delity of the BS at different drive powers. We show in
Fig. 2(c) that g scales linearly with |ξ1||ξ2| at low pow-
ers, consistent with the predictions from the 4th order
expansion of Eq. 1. However, it deviates from this sim-
ple model when the drives are stronger, which can be ex-
plained by a perturbation theory treatment [23]. Naively,
one might think that the decoherence would contribute
less to the infidelity as the operation speeds up. However,
as g increases so does the participation of the qC excited
levels, which are measured independently after each BS.
We observe that the probability of qC departing from its
ground state 1− Pg increases from 0.6% to 2% as we in-
crease the drive strengths. The effect of this is two fold:
an apparent reduction in the readout contrast as well as
faster decoherence during UˆBS. The former can be mit-
igated by performing post-selection: data are discarded
if qC does not remain in |g〉 after the operation. This
ensures that qC is a faithful meter for the joint photon
population of Alice and Bob. We attribute the degra-
dation of coherence to the greater participation of qC.
This causes the system to inherit less favorable coherence
times during UˆBS [23]. Combining the faster operations
and the penalty due to increased qC participation, the
overall infidelity ends up roughly constant over different
drive powers as shown in Fig. 2(d). For subsequent ex-
periments, we operate at |ξ1||ξ2| ' 0.1 where the drives
do not introduce measurable non-idealities on top of the
intrinsic decoherence of the system.
III. INTERFERENCE BETWEEN TWO
MICROWAVE QUANTUM MEMORIES
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FIG. 3. HOM interference between Alice and Bob. (a)
Data show the joint population as the initial state |1, 1〉AB
evolves under UˆBS. We observe out-of-phase oscillations be-
tween P11 and an equal superposition of |0, 2〉AB and |2, 0〉AB.
(b), (c) 1D cuts to show the behavior of P11 (brown), and
P02 + P20 (magenta) up to ∼ 15µs (red dashed line). Simu-
lation of two indistinguishable photons is shown in solid lines
and that of two distinguishable particles are shown in dashed
grey lines.
The quality of the BS operation can also be character-
ized by the contrast of HOM interference, which is the
hallmark of interference between two indistinguishable
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FIG. 4. Measurement of quantum state overlap. (a) When two identical bosonic systems interfere at a 50:50 BS, only even
photon number outcomes are allowed due to the full destructive interference of the odd distributions. This allows us to infer the
state overlap, Tr(ρAρB), from photon number parity measurement of one of the output ports. (b) The experimental protocol
for implementing the overlap measurement between Alice and Bob. (c) Measurement of overlap between |ψ〉A = eiφA |α〉
and |ψ〉B = eiφB |α〉 as a function of the displacement angle φ and amplitude α. Maximum overlap for each displacement is
measured when φB = φA (mod 2pi). (d) 1D cut at displacement of |α|2 ≈ 2. Data are shown in brown circles, which shows
good agreement with the overlap determined by full Wigner tomography of each mode, shown in solid grey line. The dashed
grey line indicates the predicated peak contrast after taking into account self-Kerr and the decoherence of the cavities.
bosonic modes. We demonstrate that this behavior can
be observed between two photons at different frequencies
via the engineered frequency-converting coupling, simi-
lar to the the results described in Ref. [31]. We start by
preparing |1, 1〉AB and monitor the joint population of
Alice and Bob after applying the drive tones. The pho-
ton number distribution of Alice and Bob is probed by
performing a photon-number selective pi pulse on qC at
different frequencies. The population of particular joint
photon number state |n,m〉AB is given by the probability
of exciting qC at the ωnm = ωc − nχac −mχbc as shown
in Fig. 3(a). Two important observations can be made
from this measurement.
First, the data indicate that the engineered BS oper-
ation indeed allows two detuned photons to behave as
indistinguishable particles. This is shown by near com-
plete destruction of the |1, 1〉AB signal after the BS. At
this point, we also measure an equal probability of finding
the system in states |2, 0〉AB and |0, 2〉AB. This interfer-
ence is a intrinsically quantum mechanical phenomena.
It typically relies on the two initial photons being fully
indistinguishable such that the probability amplitudes of
|1, 1〉AB after the BS destructively interfere. When two
photons are distinguishable, the classical probability dis-
tribution is observed and the measured P11 always re-
main above 0.5. In this case, since the two cavity modes
are far-detuned from each other, the initial excitations
are completely distinct. The observation of quantum in-
terference depends crucially on the frequency-converting
coupling that can fully compensate for the energy dif-
ference between the two initial photons. Therefore, the
measured HOM contrast of 98±1% is a direct indication
of the quality of the engineered BS operation.
Second, we know that the BS operation preserves the
phase coherence of the superposition states. This is
demonstrated by the near unit probability of |1, 1〉AB af-
ter the second BS with full extinction of |2, 0〉AB and
|0, 2〉AB. Thus, we infer that the system is indeed in a
coherent superposition of |2, 0〉AB and |0, 2〉AB after the
first BS because a statistically mixed state would not
allow the full constructive interference of |1, 1〉AB. Con-
sequently, it would lead to a reduction the P11 contrast.
The HOM experiment reveals an intrinsic property of
bosonic systems: when two identical quantum states in-
terfere through a 50:50 BS, the photon number parity
of the output ports is always even because the odd out-
comes interfere destructively, as illustrated in Fig. 4(a).
In fact, it has been proven that the average parity mea-
sured on one of the output ports after a BS is a direct
probe of the overlap between the two initial states, i.e
〈PˆA〉 = 〈PˆB〉 = Tr(ρAρB) [7, 22, 32, 33]. This estab-
lishes a mapping between the state overlap and a single
observable that is the photon number parity of one of the
output modes regardless of the input states.
As a demonstration, we perform direct overlap mea-
surement between two coherent states |ψ〉A = eiφA |α〉
and |ψ〉B = eiφB |α〉 using a single BS and robust par-
ity measurement enabled by the natural dispersive cou-
pling between qA and Alice in our cQED system [34, 35].
The experimental sequence is outlined in Fig. 4(b), where
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FIG. 5. Cascaded Mach-Zehnder interferometers
composed of BS, DPS and photon counters. (a) Con-
ceptual implementation of programmable cascaded Mach-
Zehnder (MZ) interferometers between two detuned modes.
We can measure the state of the system after each operation
and implement DPS on-demand. (b) Evolution of |1, 1〉AB in
cascaded microwave MZ interferometers, measured by sweep-
ing the frequency of a photon number selective pi pulse on qC
and the duration of the drive tones. After the first BS, a co-
herent superposition of |0, 2〉AB and |2, 0〉AB (|Ψ〉) is created.
Subsequently, we impart a differential phase φ = pi, which
leaves the system in |Φ〉 and causes |1, 1〉AB to destructively
interfere through the subsequent BS’s. We then introduce
another differential pi-phase such that the system is brought
back the initial superposition |Ψ〉 which re-focuses to |1, 1〉AB
at the following BS as in the standard HOM interference.
φA is fixed and the parity of Alice is measured as a
function of φB for variable displacement amplitude α
in both cavities. As expected, the maximum overlap
is measured when φA = φB(mod 2pi), and as the dis-
placement increases, the measured 〈PˆA〉 becomes more
sharply peaked. This is in good agreement with the ideal
Tr(ρAρB) calculated using simulated full Wigner func-
tions of each mode. We do observe a reduction in the
overall contrast at higher photon numbers which can be
accounted for by known imperfections of the parity mea-
surement and the BS operation [23].
In addition to the engineered BS operation, we can
also implement on-demand DPS to Alice via its natural
dispersive coupling (χ1) to qA. This is governed by the
unitary UˆDPS(t) = |g〉〈g| ⊗ Iˆ + |e〉〈e| ⊗ eiφaˆ†aˆ, where φ =
χ1t. This implementation has two major advantages. It
is fully programmable: the resulting differential phase,
φ ∈ [0, 2pi], is simply controlled by the evolution time t,
which can be tuned on the fly. Furthermore, it is photon-
number independent. UˆDPS allows us to impart the same
phase to each individual photon in Alice. Therefore, it
is naturally compatible with more complex interference
experiments involving multi-photon states.
Combining the BS and DPS capabilities, we can con-
struct cascaded MZ interferometers and program them
to perform different interference experiments on the fly
(Fig. 5(a)). As a simple example, we initialize the sys-
tem in |1, 1〉AB. After a single BS, the system reaches
the superposition state |Ψ〉 = 1√
2
(|0, 2〉AB + eiϕ|2, 0〉AB).
Subsequently, we can impart a phase on Alice by excit-
ing qA for a time pi/χ1 ∼ 500 ns. This operation changes
the relative phase between Alice and Bob, leaving the
system in the state |Φ〉 = 1√
2
(|0, 2〉AB + ei(ϕ+pi)|2, 0〉AB).
This is now a ‘dark state’ of UˆBS because the probability
amplitudes of |1, 1〉AB always interfere destructively, forc-
ing the system to remain in |Φ〉 through all subsequent
beamsplitters. We then bring the system back to |Ψ〉
and recover the HOM-type interference by implementing
a second DPS of pi on Alice. The reduced contrast in the
revival of |1, 1〉AB can be attributed to the non-idealities
due to both the self-Kerr and the dephasing of the mem-
ory modes during the evolution in the dark state.
Such cascaded interferometers, similar to optical im-
plementations, such as in Ref. [36], offers a versatile and
scalable scheme to study complex interference phenom-
ena and boson statistics. In particular, all components in
our implementation are by design compatible with multi-
photon states. Combining this with our ability to prepare
complex bosonic states and efficiently probe their statis-
tics using the transmon ancilla, we can easily extend such
cascaded interferometers to investigate the interference
between a larger number of excitations. A simple demon-
stration is shown in Fig. S5, where memories initialized in
a state containing three excitations interference through
a series of engineered BS [23].
IV. CONCLUSION
In conclusion, we have engineered a robust BS op-
eration between bosonic quantum memories in a fixed-
frequency cQED architecture. With this, we demon-
strated high-contrast HOM interference between two
memories at different frequencies. Furthermore, we com-
bined this coupling with single-cavity phase control and
photon number parity measurement to implement effi-
cient overlap measurements and on-demand manipula-
tion of the signature of two-photon interference. Taking
advantage of the tunability of the BS and our ability to
implement DPS on-the-fly, we constructed highly pro-
grammable cascaded interferometers capable of manipu-
lating interference statistics on demand. Our implemen-
6tation can be directly extended to higher photon num-
bers to study more complex interference between multi-
photon states [23]. The robust BS and DPS operations
demonstrated in this work form an essential toolset for
implementing gates between logical qubits encoded in su-
perconducting cavities [37–39]. Additionally, our results
also provide the essential components required for imple-
menting LOQC protocols [11, 40] in the cQED frame-
work.
ACKNOWLEDGEMENTS
We thank M. H. Devoret for the helpful discussions; N.
Frattini, K. Sliwa, M.J. Hatridge and A. Narla for pro-
viding the Josephson Parametric Converter (JPC); N.
Ofek and P. Reinhold for providing the logic and control
interface for the field programmable gate array (FPGA)
used in of this experiment. This research was supported
by the U.S. Army Research Office (W911NF-14-1-0011).
Y.Y.G. was supported by an A*STAR NSS Fellowship;
B.J.L. is supported by Yale QIMP Fellowship; S.M.G. by
the National Science Foundation (DMR-1609326); L.J.
by the Alfred P. Sloan Foundation (BR 2013-049) and the
Packard Foundation (2013-39273). Facilities use was sup-
ported by the Yale Institute for Nanoscience and Quan-
tum Engineering (YINQE), the Yale SEAS cleanroom,
and the National Science Foundation (MRSECDMR-
1119826).
∗ corresponding author:yvonne.gao@yale.edu
† corresponding author:robert.schoelkopf@yale.edu
[1] C. K. Hong, Z. Y. Ou, and L. Mandel, “Measurement
of subpicosecond time intervals between two photons by
interference,” Phys Rev Lett 59, 2044–2046 (1987).
[2] A. M. Kaufman, B. J. Lester, C. M. Reynolds, M. L.
Wall, M. Foss-Feig, K. R. Hazzard, A. M. Rey, and C. A.
Regal, “Two-particle quantum interference in tunnel-
coupled optical tweezers,” Science 345, 306–9 (2014).
[3] E. Bocquillon, V. Freulon, J. M. Berroir, P. Degiovanni,
B. Placais, A. Cavanna, Y. Jin, and G. Feve, “Coher-
ence and indistinguishability of single electrons emitted
by independent sources,” Science 339, 1054–7 (2013).
[4] R. Lopes, A. Imanaliev, A. Aspect, M. Cheneau, D. Bo-
iron, and C. I. Westbrook, “Atomic Hong-Ou-Mandel
experiment,” Nature 520, 66–8 (2015).
[5] K. Toyoda, R. Hiji, A. Noguchi, and S. Urabe, “Hong-
Ou-Mandel interference of two phonons in trapped ions,”
Nature 527, 74–7 (2015).
[6] M. C. Tichy, “Interference of identical particles from
entanglement to boson-sampling,” Journal of Physics
B: Atomic, Molecular and Optical Physics 47, 103001
(2014).
[7] R. Islam, R. Ma, P. M. Preiss, M. E. Tai, A. Lukin,
M. Rispoli, and M. Greiner, “Measuring entanglement
entropy in a quantum many-body system,” Nature 528,
77–83 (2015).
[8] A. Aspect, “Bell’s inequality test: more ideal than ever,”
Nature 398, 189–190 (1999).
[9] H. J. Kimble, Y. Levin, A. B. Matsko, K. S. Thorne,
and S. P. Vyatchanin, “Conversion of conventional
gravitational-wave interferometers into quantum nonde-
molition interferometers by modifying their input and/or
output optics,” Physical Review D 65 (2001).
[10] D. Leibfried, B. DeMarco, V. Meyer, M. Rowe, A. Ben-
Kish, J. Britton, W. M. Itano, B. Jelenkovic, C. Langer,
T. Rosenband, and D. J. Wineland, “Trapped-ion quan-
tum simulator: experimental application to nonlinear in-
terferometers,” Phys Rev Lett 89, 247901 (2002).
[11] E. Knill, R. Laflamme, and G. J. Milburn, “A scheme
for efficient quantum computation with linear optics,”
Nature 409, 46–52 (2001).
[12] P. Kok, W. J. Munro, Kae Nemoto, T. C. Ralph,
Jonathan P. Dowling, and G. J. Milburn, “Linear opti-
cal quantum computing with photonic qubits,” Reviews
of Modern Physics 79, 135–174 (2007).
[13] B. Peropadre, G. G. Guerreschi, J. Huh, and A. Aspuru-
Guzik, “Proposal for microwave boson sampling,” Phys
Rev Lett 117, 140505 (2016).
[14] M. Hofheinz, E. M. Weig, M. Ansmann, R. C. Bialczak,
E. Lucero, M. Neeley, A. D. O’Connell, H. Wang, J. M.
Martinis, and A. N. Cleland, “Generation of fock states
in a superconducting quantum circuit,” Nature 454, 310–
4 (2008).
[15] R. W. Heeres, B. Vlastakis, E. Holland, S. Krastanov,
V. V. Albert, L. Frunzio, L. Jiang, and R. J. Schoelkopf,
“Cavity state manipulation using photon-number selec-
tive phase gates,” Phys Rev Lett 115, 137002 (2015).
[16] C. Lang, C. Eichler, L. Steffen, J. M. Fink, M. J. Woolley,
A. Blais, and A. Wallraff, “Correlations, indistinguisha-
bility and entanglement in hongoumandel experiments
at microwave frequencies,” Nature Physics 9, 345–348
(2013).
[17] F. Nguyen, E. Zakka-Bajjani, R. W. Simmonds, and
J. Aumentado, “Quantum interference between two sin-
gle photons of different microwave frequencies,” Phys Rev
Lett 108, 163602 (2012).
[18] M. Mariantoni, H. Wang, R. C. Bialczak, M. Lenander,
E Lucero, M. Neeley, A. D. OConnell, D. Sank, M. Wei-
des, J. Wenner, T. Yamamoto, Y. Yin, J. Zhao, J. M.
Martinis, and A. N. Cleland, “Photon shell game in
three-resonator circuit quantum electrodynamics,” Na-
ture Physics 7, 287–293 (2011).
[19] M. Pierre, S. R. Sathyamoorthy, I. Svensson, G. Johans-
son, and P. Delsing, “Resonant and off-resonant mi-
crowave signal manipulations in coupled superconducting
resonators,” arXiv:1802.09034 (2018).
[20] M. Reagor, H. Paik, G. Catelani, L. Sun, C. Axline,
E. Holland, I. M. Pop, N. A. Masluk, T. Brecht, L. Frun-
zio, M. H. Devoret, L. Glazman, and R. J. Schoelkopf,
“Reaching 10ms single photon lifetimes for superconduct-
ing aluminum cavities,” Applied Physics Letters 102,
192604 (2013).
[21] A. Romanenko and D. I. Schuster, “Understanding qual-
ity factor degradation in superconducting niobium cavi-
ties at low microwave field amplitudes,” Phys Rev Lett
119, 264801 (2017).
[22] R. Filip, “Overlap and entanglement-witness measure-
ments,” Physical Review A 65 (2002).
7[23] See supplementary materials.
[24] C. Wang, Y. Y. Gao, P. Reinhold, R. W. Heeres, N. Ofek,
K. Chou, C. Axline, M. Reagor, J. Blumoff, K. M. Sliwa,
L. Frunzio, S. M. Girvin, L. Jiang, M. Mirrahimi, M. H.
Devoret, and R. J. Schoelkopf, “A schrodinger cat living
in two boxes,” Science 352, 1087–91 (2016).
[25] S. E. Nigg, H. Paik, B. Vlastakis, G. Kirchmair,
S. Shankar, L. Frunzio, M. H. Devoret, R. J. Schoelkopf,
and S. M. Girvin, “Black-box superconducting circuit
quantization,” Phys Rev Lett 108, 240502 (2012).
[26] Z. Leghtas, S. Touzard, I. M. Pop, A. Kou, B. Vlas-
takis, A. Petrenko, K. M. Sliwa, A. Narla, S. Shankar,
M. J. Hatridge, M. Reagor, L. Frunzio, R. J. Schoelkopf,
M. Mirrahimi, and M. H. Devoret, “Quantum engineer-
ing. confining the state of light to a quantum manifold by
engineered two-photon loss,” Science 347, 853–7 (2015).
[27] Y. Zhang and S.M. Girvin, In preparation (2018).
[28] W. Pfaff, C. J. Axline, L. D. Burkhart, U Vool, P Rein-
hold, L Frunzio, L Jiang, M. H. Devoret, and R. J.
Schoelkopf, “Controlled release of multiphoton quantum
states from a microwave cavity memory,” Nature Physics
(2017).
[29] R. W. Heeres, P. Reinhold, N. Ofek, L. Frunzio, L. Jiang,
M. H. Devoret, and R. J. Schoelkopf, “Implementing a
universal gate set on a logical qubit encoded in an oscil-
lator,” Nat Commun 8, 94 (2017).
[30] D. I. Schuster, A. A. Houck, J. A. Schreier, A. Wallraff,
J. M. Gambetta, A. Blais, L. Frunzio, J. Majer, B. John-
son, M. H. Devoret, S. M. Girvin, and R. J. Schoelkopf,
“Resolving photon number states in a superconducting
circuit,” Nature 445, 515–8 (2007).
[31] T. Kobayashi, R Ikuta, S Yasui, S Miki, T Yamashita,
H Terai, T Yamamoto, M Koashi, and N Imoto,
“Frequency-domain Hong-Ou-Mandel interference,” Na-
ture Photonics 10, 441–444 (2016).
[32] A. J. Daley, H. Pichler, J. Schachenmayer, and P. Zoller,
“Measuring entanglement growth in quench dynamics of
bosons in an optical lattice,” Phys Rev Lett 109, 020505
(2012).
[33] A. K. Ekert, C. M. Alves, D. K. Oi, M. Horodecki,
P. Horodecki, and L. C. Kwek, “Direct estimations of lin-
ear and nonlinear functionals of a quantum state,” Phys
Rev Lett 88, 217901 (2002).
[34] P. Bertet, A. Auffeves, P. Maioli, S. Osnaghi, T. Meu-
nier, M. Brune, J. M. Raimond, and S. Haroche, “Direct
measurement of the wigner function of a one-photon fock
state in a cavity,” Physical Review Letters 89 (2002).
[35] L. Sun, A. Petrenko, Z. Leghtas, B. Vlastakis, G. Kirch-
mair, K. M. Sliwa, A. Narla, M. Hatridge, S. Shankar,
J. Blumoff, L. Frunzio, M. Mirrahimi, M. H. Devoret,
and R. J. Schoelkopf, “Tracking photon jumps with re-
peated quantum non-demolition parity measurements,”
Nature 511, 444–8 (2014).
[36] A. Crespi, R Osellame, R Ramponi, D. J. Brod, E. F.
Galvo, N Spagnolo, C Vitelli, E Maiorino, P Mataloni,
and F Sciarrino, “Integrated multimode interferometers
with arbitrary designs for photonic boson sampling,” Na-
ture Photonics 7, 545–549 (2013).
[37] M. Mirrahimi, Z. Leghtas, V. V. Albert, S. Touzard, R. J.
Schoelkopf, L. Jiang, and M. H. Devoret, “Dynamically
protected cat-qubits: a new paradigm for universal quan-
tum computation,” New Journal of Physics 16, 045014
(2014).
[38] H. K. Lau and M. B. Plenio, “Universal quantum
computing with arbitrary continuous-variable encoding,”
Phys Rev Lett 117, 100501 (2016).
[39] S. Lloyd, M. Mohseni, and P. Rebentrost, “Quantum
principal component analysis,” Nature Physics 10, 631–
633 (2014).
[40] L. Chirolli, G. Burkard, S. Kumar, and D. P. Divin-
cenzo, “Superconducting resonators as beam splitters for
linear-optics quantum computation,” Phys Rev Lett 104,
230502 (2010).
Supplementary materials:
Programmable interference between two microwave quantum memories
Yvonne Y. Gao,1, 2, ∗ B.J. Lester,1, 2 Yaxing Zhang,1, 2 C. Wang,3 S. Rosenblum,1, 2
L. Frunzio,1, 2 Liang Jiang,1, 2 S.M. Girvin,1, 2 and R.J. Schoelkopf1, 2
1Departments of Physics and Applied Physics, Yale University, New Haven, Connecticut 06511, USA
2Yale Quantum Institute, Yale University, New Haven, Connecticut 06511, USA
3University of Massachusetts, Amherst, MA 01003-9337 USA
(Dated: May 4, 2018)
DEVICE ARCHITECTURE AND SYSTEM
PARAMETERS
Our cQED system includes two three dimensional (3D)
superconducting microwave cavities, Alice and Bob, two
quasi-planar readout resonators, RA and RC, and two
transmon-type superconducting qubits, qA and qC. All
components are housed in a single block of high-purity
(4N) aluminum in the structure shown in Fig. S1. Alice
and Bob act as quantum memories that are capable of co-
herently storing quantum information in bosonic states.
They are formed by 3D coaxial transmission lines that
are short-circuited on one end and open-circuited on the
other by virtue of a narrow circular waveguide [1]. The
resonance frequency of the cavities’ fundamental modes
are determined by the lengths of the transmission lines
(4.8 and 5.6 mm respectively for Alice and Bob). An
elliptical tunnel is machined between Alice and Bob, al-
lowing the insertion of a chip containing the transmon
ancilla and readout resonator into the cavities. Two ad-
ditional tunnels are machined on either side of Alice and
Bob to allow the incorporation of additional transmon
and readout channels. Each mode is coupled to the fridge
Alice
qA
qC
RC
Bob
ω1
ω2
RA
FIG. S1. A cartoon showing the top view of the 3D
double-cavity cQED system. The center transmon an-
cilla provides nonlinear coupling between Alice and Bob. The
package can accommodate two additional transmon ancillae.
In this experiment, only one (qA) is included in the device.
The RF drives are coupled to the system through the drive
port of qC.
input/output lines via standard SMA couplers.
The whole package is chemically etched after machin-
ing to improve the surface quality of the cavities. The
superconducting transmons are fabricated on sapphire
substrates using electron-beam lithography and the stan-
dard shadow-mask evaporation of Al/AlOx/Al Joseph-
son junction. During the same fabrication process, a sep-
arate strip of the tri-layer film is also deposited. Together
with the wall of the tunnel, it forms a hybrid planar-3D
λ/2 stripline resonator that is capacitively coupled to the
transmon. This design combines the advantages of both
precise, lithographic control of critical dimensions and
the low surface/radiation loss of 3D structures [2]. The
chip containing these structures is inserted into the tun-
nel such that the transmon antenna(a) protrudes into
the cavities to the desired capacitive coupling to Alice
and Bob.
This system is an extension of the device used in
Ref. [3]. The additional tunnels allow individual ancil-
lae, accompanied by their respective readout resonator,
to couple to each cavity in order to provide fast, inde-
pendent cavity manipulations and tomography. Only one
additional ancilla (qA) is required for this particular ex-
periment. It couples to only Alice and is used perform
differential phase shifts (DPS) in the Mach-Zehnder in-
terometer described in the main text. The parameters of
all relevant components are summarized in Table S1.
We highlight the large detuning between Alice and
Bob, which results in a small cross-Kerr (χab .1 kHz)
between them. This ensures that there is minimal un-
wanted interactions between the two modes in the ab-
sence of the RF drives, therefore allowing the operation
to have a large on-off ratio. Further, it is also important
that both Alice and Bob have relatively weak self-Kerr,
which is the non-linearity inherited from their couplings
to the ancillae. Large self-Kerr would cause imperfec-
tions in the interference between Alice and Bob, espe-
cially at larger photon numbers. Finally, we comment on
the choice of the resonance frequency of qC. It is placed
in between the frequencies of Alice and Bob so that it has
comparable, but different, dispersive coupling strength to
each cavity. This allows us to use qC as a meter to ef-
ficiently probe the joint photon number state, |n,m〉AB ,
in Alice and Bob by measuring its transition frequency
ωge, which is given by ωge = ω
00
ge − nAχac −mBχbc.
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2Frequency Nonlinear interactions:
ω/2pi Alice Bob qA qC
Alice 5.554 GHz 4 kHz .1 kHz 1.01 MHz 0.62 MHz
Bob 6.543 GHz .1 kHz 2 kHz (∼ 0) 0.26 MHz
qA 4.989 GHz 1.01 MHz (∼ 0) 185 MHz N.A
qC 5.901 GHz 0.62 MHz 0.26 MHz N.A 74 MHz
RA 7.724 GHz (4 kHz) (∼ 0) 1.2 MHz (∼ 0)
RC 8.062 GHz (∼ 2 kHz) (∼ 1 kHz) (∼ 0) 1.1 MHz
TABLE S1. Hamiltonian parameters of all cQED components. Values that are within a parenthesis are esti-
mated/simulated parameters. Some non-linear couplings, such as χ between qA and Bob, are omitted because they are
too small to be simulated and measured.
We characterize the coherence of each component in
the system using standard cQED measurements. The
results are summarized in Table S2.
T1 (µs) T2 (µs) T2E (µs) Population
Alice 400-500 400-600 N.A <1%
Bob 400-500 400-600 N.A <1%
qA 70 15-20 30-40 2-3%
qC 50 10-15 25-40 2-3%
TABLE S2. Coherence properties of the the system.
The device exhibits some fluctuations in its coherence times.
In particular, the relatively low T2 of qA and qC are likely a
result of low-frequency mechanical vibrations.
THE DRIVEN JOSEPHSON CIRCUIT
HAMILTONIAN
Similar to the treatment in [4], the full Hamiltonian
describing the system consisting of Alice, Bob, qC, and
two RF drive tones applied to qC can be written as
Hˆ/~ =ωaaˆ†aˆ+ ωbbˆ†bˆ+ ωccˆ†cˆ− EJ~ (cos ϕˆ+
ϕˆ2
2
)
+ 2Re[1e
−iω1t + 2e−iω2t](cˆ† + cˆ) (S1)
where ωk is the frequency of each mode, k, and ϕˆ is the
flux across the junction, which can be decomposed into
a linear combination of the phase across each mode:
ϕˆ =
∑
k=a,b,c
φk(kˆ
† + kˆ) (S2)
This Hamiltonian captures the behavior of the system
when irradiated by two drives with complex amplitudes,
1 and 2, and frequencies ω1 and ω2, respectively. In
our particular configuration, the drive tones are predom-
inantly coupled to qC, as assumed in Eq. S1. Further, we
assume that the drive tones are stiff, i.e the annihilation
and creation of a photon from the drive does not cause
any change to the mode. Therefore, they can simply be
treated as classical drives.
We eliminate the fastest time scales corresponding to
the resonance frequencies of each mode using the follow-
ing unitary transformation
Uˆ = e−iωgetcˆ
†cˆe−iωataˆ
†aˆe−iωbtbˆ
†bˆ (S3)
Then we make a displacement transformation for qC such
that cˆ → cˆ + ξ1e−iω1t + ξ2e−iω2t. In this new frame, we
express the amplitudes of the drives, ξ1(2), as a function
of the amplitudes of the drive tones and their respective
detunings from the |g〉 − |e〉 transition frequency of qC,
ωge:
ξ1(2) = −
i1(2)
(κ˜/2 + i(ωge − ω1(2)) (S4)
where κ˜ is the effective decay rate of the mode to which
the drives couple to primarily. In this case, it is the decay
associated with qC, which is at least an order of magni-
tude smaller than the coupling rates associated with the
driven interaction.
Now, we derive the effective Hamiltonian by expanding
the cosine potential in Eq. (1) to the 4th order and per-
form the standard rotating wave approximations (RWA).
As the frequency matching condition is satisfied when
ω2−ω1 = ωb−ωa, the only 4th order, non-rotating terms
are:
Hˆ = Hˆ1(2)ss + HˆKerr + Hˆint (S5)
Hˆint = −EJφ2cφaφb(ξ1ξ∗2 aˆ†bˆ+ ξ∗1ξ2aˆbˆ†) (S6)
Hˆ1(2)ss ≈ −EJφ4c |ξ1(2)|2cˆ†cˆ = −2α|ξ1(2)|2cˆ†cˆ (S7)
HˆKerr = −
∑
k=a,b,c
EJφ
4
k
4
kˆ†kˆ†kˆkˆ − EJφ2aφ2b aˆ†aˆbˆ†bˆ
− EJφ2aφ2c aˆ†aˆcˆ†cˆ− EJφ2bφ2c bˆ†bˆcˆ†cˆ (S8)
where Hint is the desired interaction term. HˆKerr de-
scribes the self-Kerr and cross-Kerr coupling terms [5],
which do not depend on the RF drives. They are
calibrated independently using methods developed in
Ref. [6]. Finally, H
1(2)
ss captures the Stark shift of the
resonance frequency of qC in the presence of each RF
3drive. In the limit of |ω1,2−ωge|  α, the Stark shift only
depends on the normalized drive strengths, ξ1 and ξ2, as
well as α = 12EJφ
4
c (Eq. S6). For the drive configuration
we have chosen in this experiment, the detuning between
ω1 and ωge is only a factor of ∼2 larger than α. Thus, we
must take into account the other slowly rotating terms in
the cosine expansion which have the form αξ1e
−iδt(cˆ†)2cˆ
+ h.c, where δ = ω1−ωge ≈ 157 MHz. We treat this per-
turbatively and to the leading order in the drive power,
this term results in a modification factor δ/(δ + α) to
the Stark shift which must be take into account in our
calibration process. Further, such non-resonant terms
also introduce a correction factor to the coupling strength
g˜ = g(1+2α/(δ+(ω2−ωge)+(ωa−ωge)+(ωb−ωge)))−1 [7].
We measure α independently using simple spectroscopic
methods. It is also worth noting that the drives are ap-
plied adiabatically with a smooth ring-up and ring down
time of ∼ 100 ns to ensure that no additional spectral
components are present in the drive tones.
FIG. S2. Stark shift due to each drive tone. Data show
the shift of qC resonance frequency as a function of the input
power of two drives at ω1 (red) and ω2 (magenta) respectively.
The drive tone at ω1 = ωge + 157 MHz results in more signif-
icant shifts of ωge due to the small detuning. In contrast the
much further detuned with ω2 = ωge + 1.148 GHz leads to a
much smaller shift. Solid lines are linear fits to the data based
on the derivations in Eq. S6. Black crosses indicate the DAC
amp squared used in the interference experiments presented
the main text.
Due to the difference in the detuning to qC from each
RF drive, the resulting Stark shifts differ quite signifi-
cantly in this configuration (Fig. S2). For the further
detuned drive (magenta), the Stark shift exhibits linear
dependence on the drive power, in good agreement with
the model using 4th order expansion. However, the drive
tone that is spectrally much closer to qC, the resulting
Stark shift deviates from the predicted linear trend at
higher powers. Such deviation becomes strong when the
Stark shift becomes comparable to the detuning of the
drive from ωge. We verified that the observed AC Stark
shift is well captured by our model that keeps up to
quartic terms in the expansion of cosine potential in Eq.
(1) and treats the drives non-perturbatively; see Ref.[7].
Here, by using the full DAC range of our RF input signal,
we can tune the effective drive ampliudes up to ξ1 ≈ 0.75
and ξ2 ≈ 0.25. In practice, we operate at where the
dependence on the drive power is roughly linear (black
crosses) and the effects of six order terms are negligible.
From this calibration, the effective coupling strengths, g,
are computed for a chosen set of ξ1(2) from the single
photon dynamics under UBS and compared against the
theory prediction as shown in Fig. 2(c) of the main text.
The particular choice of drive frequencies is used in
order to avoid exciting any higher order transitions of qC.
In principle, we could move the frequencies of both drives
together such that the two drives are roughly equally
detuned from qC. However, this requires one tone to be
placed below the ωge, which makes the spectral overlap
with the |e〉 − |f〉 or |f〉 − |h〉 transitions more likely.
DRIVE-ASSISTED ABSORPTION OF CAVITY
PHOTONS
The transmon, qC, that supplies the non-linearity
needed for the controlled beamsplitter operation between
cavities typically has much shorter lifetime than the cav-
ities. As a result, hybridization of the cavities with the
qC leads to a shorter cavity lifetime. To leading order
in the transmon-cavity coupling, the rate of cavity decay
inherited from the qC via the “inverse Purcell effect” [1]
is given by Fermi’s golden rule:
κγ = −2|λ|2Im 1
(ωcav − ωge) + iγ/2 , (S9)
where λ is the coupling strength between the cavity with
frequency ωcav and the transmon qubit. For large detun-
ing between transmon and the cavity |ωcav − ωge|  γ,
we have κγ ≈ |λ/(ωcav −ωge)|2γ. This decay rate can be
thought of as the result of hybridization between a cavity
excitation (photon) and an excitation of the transmon.
Such inherited decay can be largely suppressed by using a
large |ωcav−ωge|, as is the case in the present experiment.
In the presence of the RF drives, a cavity photon com-
bined with drive photons can also hybridize the excita-
tions of qC from the ground state to higher excited states
due to multi-photon resonances. Taking into account
these processes yields a generalized formula for κγ
κγ = −2
∑
KK′
|MKK′ |2Im 1
(ωcav − νKK′) + iγKK′/2 .
(S10)
Each term in the summation refers to a process in which
one cavity photon, K photons from the low frequency
drive and K ′ photons from the high frequency one, excite
qC from the ground state to the (K +K ′+ 1)-th excited
state. Hence, the resonance frequency νKK′ is given by
the relation
νKK′ +Kω1 +K
′ω2 = EK+K′+1 − E0,
4FIG. S3. The extracted coherence properties of a sin-
gle excitation under UˆBS. (a) The decay constant of the
P10 + P01 extracted from a single exponential fit. (b) The
dephasing times extracted from P10/(P10 + P01). (c) The
independently measured population of qC after a single BS
operation
where EK is the AC-Stark-shifted energy of the K-th ex-
cited state of the transmon. MKK′ and γKK′ are the
matrix element and width of the same resonance pro-
cess, respectively. In the weak drive regime, we have
from perturbation theory that
|MKK′ | ∝ |ξ1||K||ξ2||K′|,
γKK′ ≈ (K +K ′ + 1)γ.
To go beyond the weak drives, we have developed a Flo-
quet theory to study the dynamics of the driven non-
linear transmon which will be described in depth in a
separate theory analysis [7].
Experimentally, we observe a consistent degradation
of the BS quality as the drive powers become higher. To
investigate qualitatively, we extract the coherence time
scales of a single excitation evolving under the engineered
UˆBS at each |ξ1||ξ2| as described in the main text. As we
sweep the drive powers in each of these experiments, we
adjust the drive frequencies accordingly to ensure that
the resonance condition is still satisfied. As show in
Fig. S3, both τ1 and τφ remains basically independent
of |ξ1||ξ2| at low drive powers but a significant reduction
is observed when |ξ1||ξ2| & 0.15. This is not surprising
since when the coupling is weak, the systems is essentially
limited by its intrinsic decoherence time scales, i.e. cavity
photon loss and dephasing. In this regime, the transmon
excited levels are only virtually involved in the process
and hence, its decoherence properties do not influence
the quality of the operation. However, as we increase
the drive powers the transmon’s participation increases.
More specifically, for the frequency configuration used in
the experiment,participation of transmon’s |f〉 state in-
creases most strongly as drive strengths increase. This
is because ν10 becomes increasingly close to ωa due to
AC Stark shift. In other words, the process in which one
cavity photon at ωa together with one drive photon at ω1
excites the transmon from |g〉 to |f〉 becomes less virtual.
This subjects the system to the much less favorable de-
coherence time scales of the ancilla, which is more than
an order of magnitude faster than that of cavities. It
also results in a increase in the probability of finding the
transmon in the excited states as shown in Fig. S3(c).
The interference experiments described in the main
text are performed at |ξ1||ξ2| ≈ 0.1. This particular
power is chosen as a compromise between minimizing
qC participation and maximizing the effective coupling
strength. At this drive power, we are able to perform a
relatively fast BS operation (TBS . 5µs  κa(b)) while
still ensuring that qC remains largely in its ground state
during the process. We show in Fig. S4 the oscillation
of both P10 and P01, which have equal contrast and are
exactly out of phase with each other. This implies that
FIG. S4. Oscillations of P10 and P01 under UˆBS. A single
excitation is prepared in Alice and we monitor its evolution
under the engineered unitary operation. We shown that P10
(orange) and P01 (blue) coherently oscillates with equal con-
trast and opposite phase.
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FIG. S5. Interference of a multiphoton state (a) Measurement of joint photon population distribution of the initial state
when the system is initialized in |2, 1〉AB evolving under UˆBS using qC as the meter. With a spectrally-selective pulse on qC,
the probability of detecting each outcome is indicated by the probability of successively flipping qC at a particular frequency.
(b)-(e) 1D cuts along the time axis for each of the possible output states. Data is shown in open circles and simulation with
decoherence of the cavities taken into account is shown in grey dashed line
the excitation is strictly confined to the Hilbert space of
Alice and Bob, with minimal participation of the excited
levels of qC. The maximum contrast of the P10 oscillation
is ≈ 0.81. This is a result of the imperfections in both the
state preparation and the joint photon number measure-
ment which requires a long (4.8µs), spectrally-selective pi
pulse on qC. These two effects can be calibrated using a
Rabi experiment after preparing the initial state |1, 0〉AB.
The measured contrast is 82 ± 2%, consistent with that
of the P10 oscillation. In the main text, we have normal-
ized the results of joint photon number measurements by
this independently extracted scaling factor. The sum of
P10 and P01 gives the overall decay envelope, which is
consistent with the average intrinsic photon loss rate of
Alice and Bob, as shown in Fig. 2(b) of the main text.
MULTIPHOTON INTERFERENCE
One advantage of using cavity states as memories is
the availability of large Hilbert space. This allows the ef-
ficient encoding of quantum information using a variety
of different schemes such as the Binomial code and the
cat code. To demonstrate that our engineered beamsplit-
ter operation is compatible multiphoton states, we now
perform the same type of interference studies with more
excitations.
In the first example, we initialize the system in |2, 1〉AB.
Due to the absence of an independent ancilla that cou-
ples to Bob, it is rather cumbersome to prepare a Fock
state in Bob directly using OCT pulses. To overcome
this, we instead first initialize the system in |1, 0〉AB .
Subsequently, we use the engineered bilinear coupling to
perform a SWAP operation and transfer this excitation
from Alice to Bob. Finally, we complete the prepara-
tion by putting two photons in Alice using a numeri-
cally optimized OCT pulse. The entire process takes ∼
5 µs and produces the desired state with ∼ 85% fidelity
with some spurious populations in |0, 0〉AB, |1, 0〉AB, and
|2, 0〉AB. However, since the interference conserves total
photon number and joint parity, the spurious populations
do not change the statistics of the outcomes of |2, 1〉AB
undergoing Uˆ(θ). Instead, they result in a deterministic
reduction of the measurement contrast.
The probability of each possible outcome is measured
with a spectrally-selective pulse on qC as shown in
Fig. S5(a). Even with only three excitations, the interfer-
ence dynamics is already rather complex. As we extend
our study to include more excitations, it can quickly be-
come a non-trivial problem to predict the dynamics. This
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FIG. S6. Behaviour of a coherent state after the BS
operation. The system is prepared in |α, 0〉AB with α =
√
2.
Top row: measured Wigner function for A under different
conditions (a) initial state; (b) 50:50 BS, (c) two 50:50 BS.
Bottom row: corresponding photon population measured in
B for each conditions respectively
type of multi-excitation interference is often referred to as
the generalized HOM interference, which has been stud-
ied extensively theoretically [8–10]. This simple illustra-
tion indicates that our implementation has the potential
to realize such complex multipartite interference.
An example of a multiphoton state that can be pre-
pared trivially in the cavities is the coherent state. Here
we prepare the system in |α, 0〉AB, with α =
√
2 and
measure the population after the operation. We shown
in Fig. S6, the measurement of the initial state, the out-
come after a single BS and that after two consecutive
BS, which is equivalent to a SWAP operation. Since we
only have independent tomography capability on Alice,
we chose to measure its Wigner function after each oper-
ation using qA and using qC to probe the population in
Bob. We can fit both measurements to extract the pho-
ton numbers in each cavity. After a single BS, we observe
that the coherent state has been reduced to half its origi-
nal size in Alice. The corresponding measurement of Bob
shows that it now contains the same coherent state with
n¯ ≈ 1. When we implement the BS operation twice, Alice
is fully evacuated to the vacuum state and Bob contains
n¯ ≈ 2. This demonstrates that the operation has indeed
fully transferred the excitations from Alice to Bob.
This is a interesting illustration because it highlights
the behavior of a semi-classical state under a 50:50 BS.
It simply becomes two separable coherent states each of
half the size of the initial state. No entanglement is cre-
ated between Alice and Bob because the BS operation
is linear. Further, the presence of larger photon number
states also highlights the effects of non-linearities in our
system during the operation. We can see this effect from
Fig. S6(b) where the coherent state in Alice after a sin-
gle BS is distorted due to self-Kerr [6]. Such non-linear
effects can cause complications as we move towards inter-
ference between more excitations. Therefore, it is desir-
able to realize an effective coupling rate much faster than
the self-Kerr. More over, the coherent state can simply
be considered as a weighted superposition of Fock states.
Thus, another implication of this experiment is that our
engineered operation is fully capable of handling not only
multiple excitations but more importantly, the superpo-
sitions of different photon number states. This property
is highly desirable since continuous-variable based quan-
tum error correction schemes, such as the cat code [11],
are a promising route towards realizing error-protected
logical qubits [12]. In fact, the engineered bilinear cou-
pling between high-Q modes is an important ingredient
in constructing logical gates between multiple bosonic
logical qubits encoded superconducting cavities [11].
NON-IDEALITIES AT LARGE PHOTON
NUMBERS
So far, we have shown that techniques described in this
work are compatible with multi-photon states. However,
there are additional sources of imperfections when higher
photon number states are present. Additionally, we have
utilized the engineered BS and the parity mapping pro-
tocol described in Ref. [13] to probe the quantum state
overlap between Alice and Bob (Fig. 4(b)). Experimen-
tally, we observe a reduced contrast of the measured 〈PˆA〉
as the photon number population increases. This arises
from both the errors in the parity measurement as well
as imperfections in the BS operation at higher photon
numbers.
A major source of error in the parity measurement at
higher photon numbers is the bandwidth of the transmon
pulses used in the parity mapping sequence. Ideally, the
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FIG. S7. Measured maximum overlap at different dis-
placements. We measure the maximum quantum state over-
lap (magenta triangles) between |ψ〉A = eiφ|α〉 and |ψ〉B =
eiφB |α〉 at φA = φB as a function of |α|2. We observe a reduc-
tion in the contrast at larger α due to both the non-linearities
of the memories as well as the imperfections of the parity mea-
surement. This is in agreement with the simulation (dashed
grey line) where we take into account the self-Kerr, T1, and
T2 of each memory mode.
7transmon rotations should have infinite bandwidth such
that they are completely independent of cavity photon
number. However, this would result in spectral overlaps
with other transmon transitions which would cause leak-
age errors. In light of these two conflicting requirements,
we chose to use a Gaussian pulse with σ = 2pi ·20 MHz for
the transmon rotations with standard first order DRAG
corrections [14] as a compromise. The measured overlap
between |ψ〉A = eiφA |α〉 and |ψ〉B = eiφB |α〉 at φA = φB
as a function of the |α|2 is shown in Fig. S7. The maxi-
mum contrast at α = 0 is∼ 94%, limited by∼ 2% readout
errors and ∼ 4% parity mapping errors due to transmon
decoherence.
The effects of higher photon number states on the BS
operation are three-fold. Firstly, because of the non-
linearities of cavities, the frequencies of transitions be-
tween excited states of the cavities are detuned from
the frequency matching condition for the BS operation,
therefore causing reduction in the BS fidelity. Such de-
tunings are proportional to Nχaa, Nχbb, and Nχab, with
χaa, χbb being the self-Kerr of Alice and Bob, and χab
the cross-Kerr. We estimate an upper bound on the re-
sulting infidelity to SWAP a Fock state |N〉 to be pro-
portional to N [N(χaa + χab + χab)/g]
2. Although the
intrinsic self-Kerr is relatively small for both Alice and
Bob, it is enhanced when the drives are present. This
is consistent with distortion observed in Fig. S6(b). We
extract the self-Kerr based on the Wigner tomography of
a coherent state after a single BS to be χaa/2pi ≈ 8 kHz
and χbb/2pi ≈ 5 kHz. This drive-induced non-linearity
is very sensitive to the exact power and frequency con-
figurations of the drives. A more thorough theoretical
and experimental analysis of the change of self-Kerr as a
function of drive powers and frequencies is currently un-
derway. With these values of self-Kerr and the indepen-
dently measured cavity decoherence times, we simulate
the maximum overlap measured at φA = φB and find
that it is consistent with the measured reduction up to
|α|2 ∼ 2. The additional reduction could be due to the
limited spectral bandwidth of the parity measured de-
scribed in the previous paragraph and other decay mech-
anisms discussed below.
Secondly, the decay rates for transitions between the
N -th and (N − 1)-th level of the cavities grow as N in-
creases. If the cavity only suffers from linear decay (one
photon loss) which is the dominant decay mechanism,
the rate of transitions between higher levels increases lin-
early in N . The resulting BS infidelity will scale as Nκ/g
where κ is the linear decay rate of the cavities. How-
ever, there can be additional loss mechanisms that do not
scale as N due to the coupling to a non-linear transmon
mode. This leads to the nonlinear decay of the memory
modes, i.e., the total rate of decay depends on the in-
stantaneous energy of the cavities: κtotal = κ + NκNL.
One example of nonlinear decay is two-photon loss where
cavities decay by emitting two photons at a time. In gen-
eral, as the transmon-cavity detuning is large compared
to their coupling strength, such non-linear decay is typi-
cally weaker than the transmon-induced linear decay and
the self-Kerr of the cavities. However, in the presence of
drives, the cavity frequencies can be close to certain two-
photon transitions where the non-linear decay rates will
be enhanced. In this case, the decay rate of transitions
between the N -th and (N − 1)-th level of cavities grows
as N2 rather than N , resulting in an increase in the BS
infidelity proportional to N2κNL/g.
Thirdly, the transmon is more likely to be excited at
large cavity photon number. When the frequency of one
of the cavities is close to the resonance frequencies νKK′
in Eq. S10, the probability of exciting the transmon by
absorbing both cavity and pump photons increases. The
excitation rate is proportional to the cavity photon num-
ber N . This results in additional non-idealities in the
operation when large photon number states are present.
In practice, all three of the above-mentioned effects, and
potentially other imperfections not considered here, con-
tribute to the degradation in the BS quality. Additional
experimental investigations are currently underway in or-
der to provide a more thorough and quantitative analysis.
EXPERIMENT WIRING
The details of the room temperature control configu-
ration and the fridge wirings are shown in Fig S8. The
device is housed inside a Cryoperm magnetic shield and
thermalized to the base plate of a dilution refrigerator
with a base temperature of ∼15 mK. We use commercial
low-pass (LPF) and custom infrared (Ecco) filters along
the microwave lines to reduce stray radiation and photon
shot noise. Two Josephson parametric converters (JPCs)
are also installed on the base plate. They are connected
to output ports of the two readout resonators via circu-
lators and provide near-quantum-limited amplification of
the output signal, which is further amplified by commer-
cial HEMT amplifiers at the 4K stage. This gives us the
capability to perform efficient single-shot readout of both
transmon ancillae independently.
RF signals used to control each mode are IQ-
modulated by DAC outputs from an integrated FPGA
system at room temperature. The signal is then mixed
with their respective local oscillators (LOs) and then am-
plified by standard room temperature amplifiers (ZVE
and MTQ). Fast switches are placed on the input lines
before the signal is transmitted to the fridge in order
suppress the unwanted RF power during idle times. The
same LO generator is used for the displacement and drive
tones for each cavity mode to eliminate relative drifts of
their phases. The two drives used to enable the bilinear
coupling are combined after their respective amplifica-
tion and filtered carefully at room temperature. Band-
pass filters (BPF) are employed on this line to reduce the
8spectral width of the noise sent into the fridge. In partic-
ular, we suppress the noise near qC resonance frequency
by & 50 dB to prevent spurious population of the mode.
Fast switches are use on all room temperature input lines
before they go in to the fridge to prevent excess power
input during idle times.
A dedicated input line is used to bring the drives to
the sample at base so that a special attenuation config-
uration can be used. In this case, the drive line (purple)
contains a custom 10 dB reflective attenuator [15] at
base. It reflects a large fraction of the input power,
which gets dissipated at the upper stages of the fridge
where more cooling power is available. This allows
us to send large amount RF power without heating
up the base plate significantly. The drive tones are
then combined with the qC input line via a directional
coupler, which has a 6 dB insertion loss. With this
configuration, we are able to introduce a relative strong
coupling and run the experiments described in the main
text at a reasonable duty cycle without causing any
measurable heating to the system.
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FIG. S8. Room temperature RF controls and fridge line configurations
